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ABSTRACT 
 
Galvanneal is a form of zinc-coated sheet steel, where steel is dipped in molten zinc, and then heat treated in a furnace 
to produce a complex iron-zinc coating. Many industries, such as automotive, use galvanneal for components fabricated 
from sheet steel. The microstructural properties of galvanneal have a significant influence on how well the sheet metal 
changes shape on stamping. By means of optical microscopy, scanning electron microscopy, and glow-discharge optical 
emission spectrometry, we present a study of the microstructure of several galvanneal samples, both stamped and 
unformed, relating the phases and morphology of the coatings to performance in stamping operations. Samples of 
galvanneal were subjected to different heat-treatment temperatures. The frequency of defects in stamped components 
was found to be related to the average alloy content in the coatings, which varied with furnace temperature. An 
increased average iron content in the coatings was related to increased powdering defects in stamping operations that 
use galvanneal coated sheet steel.  
 
1. INTRODUCTION 
 
Galvanneal is a commercial hot-dipped zinc coating on 
sheet steel. After the initial coating, the metal is heat 
treated to alloy the zinc to the iron base. The resultant 
surface layer is a complex zinc-iron alloy, where more 
than one specific phase exists.1 BHP Steel produces 
this material on a continuous metal-coating line. 
Variations in line speed and furnace parameters allow 
the production of a number of galvanneal coated 
products. Like conventional galvanising, 
“galvannealing” also protects the sheet steel from 
corrosion. In addition, having a rough, porous surface, 
the galvanneal coating assists paint to adhere to the 
steel and it improves the spot welding performance of 
the steel sheet.2 The automotive industry is the largest 
customer for Galvanneal products. Typical automotive 
applications include various stamped body 
components, doors, inner panels, brackets, and some 
structural components. Compared to other steel coated 
products produced by electro-processes, Galvanneal is 
inexpensive.  By itself, the zinc coating is brittle, and 
not easily formed.  However, when bonded to sheet 
steel, the ductility of the steel compensates for the 
brittleness of the coating.  Given the relatively low 
tonnage of coated steels produced in Australia, this hot-
dipping technology is the only economically viable 
means of production.   
 
In a typical, continuous galvannealing line, substrate 
steel is fed to the line from large rolls. First the steel is 
cleaned and dried. Then the steel is fed through the pot 
of molten zinc. Directly above the zinc pot is the 
galvannealing furnace, where the zinc alloys itself with 
the steel.3 After the furnace, the steel is cooled, dried, 
inspected, and either fed into receiving coils or cut into 
flat sections.  
 
Six key process variables control the final composition 
and microstructure of the galvanneal coating:  
1. Composition of the original substrate steel.  
2. Surface roughness of the substrate.  
3. Elemental composition of the pot of molten zinc. 
4. Temperature of the zinc pot.  
5. Temperature of the galvannealing furnace (500–
570 °C). 
6. Speed of the coating line.  
 
Depending upon the above conditions, at ambient 
temperature, the coating may contain one or more of 
four possible iron-zinc phases (Table 1).4,5  
 
Table 1. Iron-zinc phases in zinc-coated steel.  
Phase Stoichiometry wt% iron Structure 
Γ Fe3Zn10 24-27.7 BCC 
Γ1 Fe5Zn21 16.6-21.2 FCC 
δ FeZn10 7.0-11.5 hexagonal 
ζ FeZn13 5.1-6.1 monoclinic 
η Zn 0 HCP 
 
The chemistry of the steel substrate may be divided 
into two classes: low-carbon steel and interstitial-free 
steel. Low-carbon is a plain steel, where a small 
amount of carbon is dissolved interstitially into the iron 
base metal. Interstitial-free is a class of steel where the 
carbon is precipitated out of the iron as a complex 
carbide-nitride compound of various additives, such as 
titanium and niobium. The time that is required for 
effective galvannealing is different for the two classes 
of steel, being longer for the interstitial-free class.  
 
In press-forming (stamping) operations, powdering of 
the coating is the most significant problem associated 
with galvanneal steels.  Particles of the brittle coating 
often break off during stamping. In a given press run, 
powdered coating accumulates on the dies and other 
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tooling.  Subsequent components are stamped with 
defects, and the interaction between powder, sheet 
metal, and die often damages the die itself. There is no 
general consensus on the optimum coating structure to 
minimise powdering defects and maximise the ability 
of the sheet steel to be formed.  
 
During stamping, both the steel and the coating deform 
through a variety of processes, including bending, 
stretching and compression. Powdering defects in the 
sheet metal result from forming. One may define 
powdering as the loss of particles from the coating, 
where the dimensions of the particles are less than the 
coating thickness. The powder accumulates on the dies, 
and contributes to stamping difficulties and defects in 
stamped components.6 Industrial practice does have 
some standard tests to detect the likelihood of 
powdering during stamping, such as J-bend and V-
bend tests. However these tests are at best qualitative. 
Some forming studies have been performed on 
galvanneal produced in the laboratory. However, there 
are few studies on commercial galvanneal. It has been 
suggested that the iron concentration and phase 
composition in the coating affect powdering during 
metal forming.7  
 
Another key factor in stamping is the frictional forces 
between the metal and the external tooling. If the 
frictional forces between the galvanneal and the tooling 
are too great, the coating will tear during stamping. It is 
suspected that in galvanneal steels, the frictional forces 
are related to both the surface microstructure and the 
surface roughness. The phase composition of the 
surface may influence the surface hardness and 
roughness, and the amount by which the coating 
absorbs lubricants in the stamping process.8   
 
In previous work, Haynes, Barnett, and Hodgson 
measured some properties of samples of commercial 
galvanneal.3 The samples were produced from three 
different power settings of the galvannealing furnace. 
Thus the samples exhibit different alloy compositions 
and microstructures in the coating. This work examines 
the microstructure in more detail and relates the 
microstructural properties to the performance of the 
metal during stamping.  
2. EXPERIMENTAL  
In this work, three sample types of BHP galvanneal 
were investigated. The substrate was a sheet of Ti 
interstitial-free steel, average thickness of 0.74 mm, of 
nominal composition by weight 0.02% C, 0.01% P, 
0.14% Mn, 0.009% S, 0.07% Ti, and 0.002% N. One 
class (No.1) was conventional galvanneal, produced by 
the usual industrial process. This process typically 
involves a heat treatment of the coating, immediately 
after the steel leaves the zinc pot, of approximately 10 
seconds duration at a temperature of 450–570 °C. For 
two other classes, the power of the galvannealing 
induction furnace was set to a higher power (No. 2) or 
a lower power (No. 3). Samples of types 2 and 3 were 
obtained from sections of a long coil of coated steel 
(over 600 m). Samples for type No. 1 were from the 
first 50 m, where the furnace power was high, and type 
No. 3 were from the centre of the coil (100-400 m), 
where the furnace was low. All other process variables 
were held constant. The experiment attempted to match 
as closely as possible the usual production conditions. 
The power and thus temperature of the furnace were 
varied to influence the alloying behaviour of the zinc 
coating. The galvannealing furnace was an induction 
type where the power output in watts was controlled. 
Converting furnace power to temperature is difficult 
due to the need to measure the emissivity in the sheet 
metal during heat treatment. Measuring the emissivity 
of galvanneal sheet is very difficult, especially during 
the alloying reaction when the coating changes from 
shiny molten zinc to very dull grey galvanneal. Thus 
temperature measurements in the furnace tend to be 
inaccurate and are avoided in normal industrial 
practice.  
 
Substrate chemistries of type Nos. 2 and 3 were 
determined by combustion (for carbon), inert gas 
fusion (for nitrogen), and atomic emission 
spectrometry for the remaining elements. Also, for all 
materials, the average iron content in the coating was 
determined by atomic absorption spectrometry. The 
average iron content in the coating is a major criterion 
used by industry to judge the quality of galvanneal 
coatings. It is a bulk characteristic, and does not 
distinguish between specific Fe-Zn phases. The mass 
of the coating was also determined by dissolving a 
measured portion of the coating in hydrochloric acid 
and subsequent gravimetry. Representative samples of 
all types were examined by light and electron 
microscopy (a Leo 1513 FEG-SEM), to measure 
coating thickness and surface morphology.  
 
Elemental depth profiles of all three samples were 
obtained by glow-discharge optical emission 
spectrometry (GD-OES). GD-OES is a powerful tool 
for the rapid analysis of elements in the surface of 
solids,9 including zinc-coated steels.10 Once calibrated, 
it may be employed to quickly determine elemental 
concentrations as a function of depth into the sample. 
The instrument used here was a Leco GDS-850A 
spectrometer, equipped with a Grimm-type DC lamp 
for conductive samples.11,12 For this instrument, the 
anode has a diameter of 4 mm, for a sampling area of 
12.5 mm2. The spectrometer is equipped with dual 
Rowland circles, having curved, holographic 
diffraction gratings of 1800 lines/mm and 3600 
lines/mm, respectively, for a spectral range of 120–
800 nm. There are 32 detectors, having the ability to 
detect 29 elements, including most standard metals, 
nitrogen, oxygen, and carbon. In a method similar to 
those of Bengtson, Weiss, and colleagues,13,14 the 
glow-discharge lamp was held at a constant DC voltage 
of 700 volts with respect to the sample. The plasma 
current was held at 20 mA. As sputtering progressed, a 
variable argon pressure, nominally held around 5 torr, 
controlled the current. The instrument was calibrated 
by the manufacturer against a large number of certified 
reference materials, in a technique known as multi-
matrix calibration.  
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Figure 1. GD-OES depth profile for material No. 1, conventional BHP galvanneal. Along the iron curve are indicated 
the beginning points of the various phase regions for the iron-zinc phase system. 
 
3. RESULTS  
 
Bulk elemental analysis of the three substrates yielded 
average elemental concentrations in agreement with the 
nominal values. Figure 1 shows the GD-OES depth 
profile for a typical sample in class No. 1, conventional 
galvanneal. The iron curve and the zinc curve intersect 
at 50 wt%, at a depth of 5.4 µm, which may be taken as 
the approximate depth of the coating. The figure also 
shows a transition region over 4–8 µm from coating to 
substrate. Visual examination of this coating by 
conventional light microscopy revealed a coating 
thickness between 6 and 7 µm. Up to 0.3 wt% of the 
coating is aluminium. Aluminium is added to the bath 
of molten zinc to help control the diffusion of iron and 
zinc, and to improve the surface finish.15 A trace 
amount of lead was also detected in the coating. At the 
extreme surface (<0.2 µm) GD-OES detected an 
impurity layer of carbon and metal oxides. Although 
oxygen impurities penetrated the coating to a depth of 
around two microns, they are likely the result of natural 
oxidation over time. These results are consistent with 
previous GD-OES results on a sample of commercial 
galvanneal.11  
 
Based on the iron distribution in the coating, one may 
assign the various iron-zinc phases to the iron curve, 
and this is also indicated in Figure 1. Pure zinc was not 
detected on the surface of the coating; iron was 
diffused completely throughout the coating. The zeta 
phase was detected at the surface, and extends to a 
depth of around one micron. Following that is about 
three microns of delta, 0.5 µm of gamma-1, and 0.5 µm 
of gamma. After 4.6 µm, α-iron begins to appear, and 
by eight microns the separate iron-zinc phases have 
disappeared.   
 
The GD-OES results for the remaining two samples 
were qualitatively similar. The key difference between 
samples was the average iron concentration in the 
coating, illustrated by the representative GD-OES 
results in Figure 2. The metal coating produced under 
high power in the galvannealing furnace also had a 
higher average iron content than the typical coatings, 
and that produced at low furnace power had a lower 
average iron content than the typical coatings. Thus the 
coatings investigated may be grouped into typical 
coatings, high-iron, and low iron. The thickness of all 
three coating types was the same: 6-8 µm from 
microscopic examination. Table 2 shows the iron 
content in the three classes of material.  
 
Table 2. Average iron content for the coatings.  
Coating 
class 
Atomic 
Absorption 
GD-OES 
Typical  iron 9.2–11.2 wt% 12.1 wt% 
High iron 11.3–13.8 wt% 13.3 wt% 
Low iron 7.9–10.2 wt% 10.4 wt% 
 
In all the coatings, significant diffusion of iron into the 
zinc occurred, and much less zinc diffused into the 
iron. This result was also verified for a sample in the 
low-iron class by scanning electron microscopy and 
energy-dispersive X-ray fluorescence spectrometry 
(EDAX). An X-ray map of a coating (Figure 3) shows 
significant iron diffusion into the zinc, but little 
diffusion of zinc into the iron.   
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Figure 2:.GD-OES semi-quantitative iron profiles for samples 1–3. The iron content for each sample was averaged  
from the surface of the coating to where the iron and zinc concentrations crossed each other at 50 wt%. 
 
 
(a) (b) (c)
 
 
Figure 3. EDAX X-ray maps for a low-iron coating: (a) SEI image, (b) iron K-α map, (c) zinc L-α map. 
 
 
 
 
Figure 4. Secondary-electron image of a low-iron 
coating. 
In contrast to the steel substrate, few microstructural 
features were observed in the cross section of zinc 
coating itself by electron microscopy (Figure 4). The 
brittleness of the coating, however, was clearly evident, 
and is consistent with some other reports on the 
microstructure of zinc coatings on steel.16 
 
Examination of the cross sections of the coatings by 
optical microscopy (Figure 5) did reveal some 
microstructural information on the distribution of 
phases in high-iron and low-iron coatings. In this case 
it was not possible to distinguish the Γ phase from the 
Γ1 phase, so both phases are grouped together as the 
general γ-phase. The high-iron coating had a γ-layer 1-
2 µm thick and a δ-layer 4-5 µm thick. A very thin ζ-
layer was observed on the high-iron coating but it was 
not possible to estimate the corresponding thickness. 
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The low-iron coating, on average, showed 2-3 µm of ζ-
phase on the surface, around one micron of γ-phase, 
and 3-4 µm of δ-phase. When the coating is heat 
treated at the higher temperature, the delta and gamma 
phases grow at the expense of the zeta phase. A 
microscopic examination of the surface of the coatings 
revealed that around 90% of the low-iron coating’s 
surface was covered with the ζ-phase, as compared 
with only 60-70% of the surface of a corresponding 
high-iron coating.  
 
(a)
(b)
Fe
Fe  
 
Figure 5. Optical micrographs of a high-iron (a) and a 
low-iron (b) coating, ×1200. 
 
4. DISCUSSION  
 
The galvanneal structure develops over four stages. 
First to form at the zinc-steel interface is an iron-
aluminium layer. This layer quickly decomposes as the 
zinc coating becomes solid. As the process continues, 
the layer solidifies into Γ1 and δ-layers, with a thin 
layer of the Γ-phase forming against the steel. As the 
heat treatment progresses, the Γ-layer grows and 
consumes the Γ1 layer (McDevitt 1998).17 The precise 
conditions for the formation of the ξ-phase are still 
uncertain.  
 
The main variable in this process is the temperature of 
the galvannealing furnace, and this temperature 
significantly influences the development and 
microstructural properties of the resulting coating. At 
temperatures between 481 and 504°C, the 
concentration of the ξ-phase decreases to zero, while 
that of the δ-phase increases. At temperatures above 
504 °C, the majority of the coating is the δ phase.  
 
A number of mechanical properties of these coatings 
have been investigated and measured.18 It was found 
that high-iron coatings had a slightly lower coefficient 
of friction than the low-iron coatings. This was 
attributed to both the increased amount of ξ-phase on 
the surface of low-iron coatings and a higher surface 
roughness in the same coatings. The ξ-phase tends to 
be softer than the δ-phase. Thus shear deformation of 
the ξ-phase may have a higher sliding resistance than 
the thicker δ-phase associated with the high-iron 
coatings.  
 
In sheet metal forming, powdering and flaking is one 
of the disadvantages of galvanneal coatings. Quality 
problems arise if too much powder collects in a die 
during a press run. Measurements of powdering by J-
bend testing and direct examination of deep drawn 
cups showed a significant increase in the amount of 
powdering observed in the high-iron coatings as 
compared with the low-iron coatings. The same effect 
was observed when the two classes of coatings were 
lubricated prior to forming into cups, and in the 
pressing operation of a test automobile panel. 
Lubrication prior to forming, however, greatly 
decreased the powdering effects in both classes of 
coatings. The reduction in powdering was more 
dramatic in the case of the high-iron coating. An 
optimum microstructure in the galvanneal coating 
would minimise powdering defects in stamping. 
However, especially in critical panels, the amount of 
powdering can be reduced further by the use of an 
effective lubricant during metal forming.  
 
5. CONCLUSION 
 
Microstructural features of galvanneal zinc coatings on 
sheet steel were investigated. The key variant in the 
production of samples was the electrical power of the 
galvannealing furnace, which was set to high, normal, 
and low power during a typical industrial coating run 
on several hundred metres of sheet metal. Elemental 
analysis of the coatings showed that not only was iron 
fully diffused throughout the coating, but the iron 
content was higher than normal when the furnace 
power was high, and lower than normal when the 
furnace power was low. Thus the samples studied were 
grouped into high-iron, low-iron, and typical-iron 
coatings. Four iron-zinc intermetallic phases were 
observed in the coatings, and each coating showed a 
smooth transition from one phase to the next to the 
steel substrate. As the furnace power and thus 
temperature is raised, the ξ-phase on the surface 
appears to be consumed by the δ-phase and the general 
γ-phases. Higher-iron coatings have been found to be 
associated with higher levels of powdering defects in 
stamped and formed sheet metal, as compared with 
lower-iron coatings. The powdering defects may be 
reduced by lubrication during stamping.  
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